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R etinoblastoma is the most common intraocular malignant tumor of childhood. It occurs in approximately 1 out of 14,000 to 20,000 newborns. 1 Retinoblastoma left untreated is fatal and the patients die of intracranial extension and disseminated disease within a few years. 2 The retinoblastoma Rb1 gene is located at chromosome 13q14, and the RB protein encoded by the Rb1 gene functions as a tumor suppressor by controlling the cell cycle. 3 Retinoblastoma is an inherited cancer caused by mutations or deletions of the Rb1 gene. 4 Although in the past retinoblastoma was regarded as a fatal childhood cancer, most cases have been well managed through early detection and treatment. 5 Previously, external beam radiotherapy was the main treatment, but more recently there has been a tendency to avoid radiation therapy whenever possible due to associated problems such as a high risk of secondary cancers and the orbital growth failure. 6 In recent years, it has been reported that chemotherapeutic drugs such as cisplatin, carboplatin, and etoposide are effective for retinoblastoma. 7 Shields et al. 8 use the term ''chemoreduction,'' which means tumor reduction by systematic chemotherapy, and they have demonstrated that focal treatments, such as photocoagu-lation, cryopexy, and hyperthermia (HT), after chemoreduction, are effective treatments for retinoblastoma. 8, 9 Among them, HT has been recognized as one of the most effective modalities for use as a focal treatment.
Local HT has been used to treat patients with various cancers and has been clinically demonstrated to be an effective treatment. The combination of HT with chemotherapy, radiotherapy, or both has been clinically used for patients with cancer in various organs, and the antitumor effects of these combinations have been verified by clinical trials. [10] [11] [12] Hyperthermia has been reported to be effective for retinoblastoma in vitro 13, 14 and in small tumors, namely tumors less than 1.5-disc diameter or 3.0 mm in diameter clinically. 15, 16 However, tumors that are large in height or basal diameter are more difficult to control with HT therapy, and in such cases there is a high risk of HT complications, such as focal iris atrophy, peripheral focal lens opacity, retinal traction, retinal vascular obstruction, and transient localized serous retinal detachment. 15 Furthermore, it is considered that tumors with well-differentiated characteristics do not adequately respond to hyperthermia in retinoblastoma. 17 Hyperthermia is thought to combat cancers by reducing their blood supply and inducing apoptosis. 18, 19 In some cancer cells, however, the cytoprotective effect of an increase in heat shock proteins (HSPs) renders HT less effective, at least in part. 20, 21 Heat shock proteins have cytoprotective functions against various stresses and work as molecular chaperones. Therefore, we think it is important to inhibit the expression of HSPs in order to increase HT's effects for retinoblastoma refractory to HT, such as large tumors.
The induction of HSPs is mainly mediated by the activation of heat shock transcription factor 1 (HSF1), which binds to conserved regulatory sequences called heat shock elements (HSE) that are located in the promoter regions of HSP genes. 22 Heat shock transcription factor 1 largely localizes to the cytoplasm as an inactive monomer. Under stresses such as heat shock, HSF1 forms an active trimer and translocates from the cytoplasm to nucleus. This active HSF1 binds to the HSE of DNA, thereby activating the transcription of HSPs. 22 It has been reported that phosphorylation of HSF1 and HSF1 nuclear translocation are regulated by polo-like kinase 1 (PLK1). 23, 24 Polo-like kinase 1 is an important regulator of mitosis and plays a role in G2/M phase progression by regulating CDK1, cyclin B1, and cdc25C. 25, 26 Overexpression of PLK1 has been reported in many cancer cells, [27] [28] [29] and several studies have shown that the depletion of PLK1 using RNA interference inhibits cancer cell proliferation and induces apoptosis. 30, 31 It has been demonstrated that PLK1 depletion using RNA interference or PLK1 inhibitor enhances the effects of chemotherapy and radiotherapy without affecting normal cells. [32] [33] [34] In addition, a PLK1 inhibitor (BI2536) has been used in a multicenter, multitumor phase II trial. 35 However, to our knowledge, there has been no report that PLK1 is involved in HT sensitivity, even though PLK1 plays a role in the activation of HSF1. In this study, we examined the effects of PLK1 knockdown (PLK1-targeted small interfering RNA [siR-NA]) and PLK1 inhibitor (BI-2536) on sensitivity to HT in human retinoblastoma cells.
METHODS

Cell Culture and Heat Treatment
The human retinoblastoma Y79 and WERI-Rb-1 cell lines were obtained from the Riken Bioresource Center (Tsukuba, Japan). The cells were cultured in RPMI-1640 medium (Wako Pure Chemical Industrials, Ltd., Osaka, Japan) supplemented with 100 U/mL penicillin, 100 lg/mL streptomycin, and 10% fetal bovine serum (FBS) at 378C in humidified air with 5% CO 2 . When the cells were treated with HT, plastic vessels containing the cells were immersed in a water bath at 428C, 438C, or 448C for 1 hour. The temperature was monitored with a digital thermometer (No. 7536; Yokogawa, Tokyo, Japan) during heating. After HT, the cells were incubated for 1 to 24 hours at 378C.
Silencing of PLK1 Using Small Interfering RNA (siRNA)
The four siRNAs used for PLK1 knockdown were designed by Nippon EGT Co., Ltd. (Toyama, Japan). The sequences of the siRNAs are listed in Table 1 . A lusiferase siRNA (CGUACGCG GAAUACUUCGA) was used as a negative control siRNA. Cells were incubated in Opti-MEM I Reduced Serum Medium (Life Technologies Japan Ltd., Tokyo, Japan) containing 50 nM siRNA and Lipofectamine RNAiMAX (Life Technologies Japan, Ltd.) at 378C. Twenty-four hours after transfection, the medium was exchanged for RPMI-1640 medium supplemented with 10% FBS, and the cells were maintained at 378C for 24 hours.
Compound Treatment
Polo-like kinase 1 inhibitor BI-2536 (Selleck Chemicals, Houston, TX) was prepared in dimethyl sulfoxide (DMSO) and diluted to the final concentration in culture medium. The control group was treated with the same amount of DMSO employed as vehicle for drug treatment. After 1 hour of compound treatment, cells were exposed to HT.
Western Blotting
Cells were dissolved in a lysis buffer (50 mM NaCl, 1% Nonidet P-40, and 50 mM Tris-HCl, pH 8.0) containing a protease inhibitor cocktail (Nacalai Tesque, Inc., Kyoto, Japan). After electrophoresis on SDS-PAGE, the proteins were transferred electrophoretically onto polyvinylidene fluoride membranes. The primary antibodies used were as follows: a rabbit monoclonal anti-Bcl-2-associated athanogene 3 (BAG3) antibody (Funakoshi Co., Tokyo, Japan), mouse monoclonal antiglyceraldehyde 3-phosphate dehydrogenase (GAPDH) and PLK1 antibodies (Millipore Co., Temecula, CA), rabbit polyclonal anticleaved caspase-3, HSF1, cdc25c, and CDK1 antibodies (Cell Signaling Technology, Inc., Beverly, MA), a rabbit monoclonal anti-cyclinB1 antibody (Cell Signaling Technology, Inc.), a rabbit monoclonal antiphospho-HSF1 antibody (Gene Tex, Inc., Irvine, CA), a mouse monoclonal anti-Histone H1 antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), mouse monoclonal anti-HSP70 and HSP40 antibodies (MBL Co., Ltd., Nagoya, Japan), and a rabbit polyclonal anti-HSP27 antibody (MBL Co., Ltd.). Immunoreactive proteins were visualized by a luminescent image analyzer (LAS 4000mini; GE Healthcare Co., Tokyo, Japan) using an enhanced chemiluminescence detection system. Glyceraldehyde 3-phosphate dehydrogenase served as a loading control. The nuclei and cytoplasm were separated by using a Nuclear/Cytosol Fractionation Kit (BioVision, Inc., Mountain View, CA) according to the manufacturer's protocol. 36 The proteins in the nuclear and cytoplasmic fractions were used for Western blotting.
RNA Isolation
Total RNA was extracted from cells using a NucleoSpinRNA (Takara Bio, Inc., Shiga, Japan) and was treated with rDNase (RNase-free DNase kit; Takara Bio, Inc.) for 15 minutes at room temperature to remove residual genomic DNA. The RNA concentration was measured by a Nanodrop (Thermo Fisher Scientific, Inc., Waltham, MA). Ribonucleic acid integrity was determined by a Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA). Ribonucleic acid samples that had RIN (RNA integrity number) values above 9.0 were considered acceptable. Human PLK1 nucleotide database: GenBank accession number, NM_005030.
Real-Time Quantitative Polymerase Chain Reaction (qPCR) Assay
Real-time qPCR was performed on a Real-Time PCR system Mx3005P (Agilent Technologies, Inc.) using SYBR PreMix ExTaq (Takara Bio, Inc.) according to the manufacturer's protocols. Reverse transcriptase reaction was carried out with total RNA by using a random 6 mers and an oligo dT primer (PrimeScript RT reagent kit; Takara Bio, Inc.). Real-time qPCR was performed by using the specific primers listed in Table 2 . Each mRNA expression level was normalized with respect to the mRNA expression of GAPDH.
Cell Cycle Analysis
Cells were exposed to HT, and then cultured at 378C. After 24 hours of culturing, the cells were fixed in 70% ice cold ethanol for at least 24 hours at À208C and subsequently treated with 0.25 mg/mL RNase A. After the staining with propidium iodide (PI) at a concentration of 0.05 mg/mL, the samples were finally run on an Epics XL flow cytometer (Beckman Coulter, Fullerton, CA). 37 Analysis of Cell Death Cells were exposed to HT, and then cultured at 378C. After 12 hours of culturing, the cells were harvested to examine cell death. We performed chromatin condensation analysis using a Nuclear-ID Green Chromatin Condensation Kit (Enzo Life Sciences, Inc., Farmingdale, NY) according to the manufacturer's protocol. 38 The samples were run on an Epics XL flow cytometer (Beckman Coulter).
Cell Viability and Cell Proliferation Analysis by WST-8 Assay
Cell Count Reagent SF (Nacalai Tesque, Inc.) was used to count the viable cells in the cell proliferation assay. The two retinoblastoma cell lines were treated with HT at 448C for 1 hour with or without transfection of PLK1 siRNA, or were treated with various concentrations of a PLK1 inhibitor, BI-2536. After incubation for 12 or 24 hours, the cells were seeded with a volume of 100 lL into 96-well plates, and 10 lL WST-8 reagent was added to each well. Absorbance at 450 nm was measured using a microplate reader (Bio-Rad, Hercules, CA) after 3 hours of incubation with the WST-8 reagent. Absorbance is proportionally related to the number of viable cells.
Immunocytochemistry Y79 cells were washed with PBS and fixed in methanol for 10 minutes at room temperature. Then, the cells were seeded in an eight-well chamber slide, and incubated with Blocking One Histo (Nacalai Tesque, Inc.) for 1 hour at room temperature. Next, cells were incubated with the first antibody against HSF1 (Cell Signaling Technology, Inc.) for 24 hours at 48C and treated with the Chromeo 488-labeled secondary antibody (Active Motif, Carlsbad, CA) for 1 hour at 258C. Finally, cells were stained with 4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes/Invitrogen, Eugene, OR) for 5 minutes for nuclear visualization and thoroughly washed before observation under a fluorescent microscope (Olympus BX-61 microscopic image analyzer; Olympus Co., Ltd., Tokyo, Japan).
Statistical Analysis
Data are shown as the means 6 SDs. Student's t-test was used for statistical analysis and values of P less than 0.05 were considered to indicate statistical significance.
RESULTS
HT Induced Apoptosis in Retinoblastoma Cells Under Various Temperature Conditions
First, we examined the effects of HT on apoptosis in Y79 and WERI-Rb-1 cells in order to determine the appropriate HT conditions for the induction of apoptosis. When we monitored apoptosis using chromatin condensation as an apoptotic marker, the percentages of apoptotic cells were 4.72 6 1.1% in the control Y79 cells and 4.98 6 1.1% in the control WERI-Rb-1 cells. When Y79 and WERI-Rb-1 cells were incubated at 428C for 1 hour, apoptosis did not increase significantly during the recovery periods after HT, but it did increase significantly during the recovery following 1-hour incubation at 438C or 448C (Fig. 1 ). The percentages of apoptotic cells at 438C in the Y79 cells were 6.2 6 1.6% at 6 hours after HT, 7.7 6 0.8% at 12 hours after HT (P < 0.05), and 7.1 6 0.9% at 24 hours after HT (P < 0.05); in the WERI-Rb-1 cells, they were 6.4 6 0.7% at 6 hours after HT, 7.6 6 0.5% at 12 hours after HT (P < 0.05), and 7.6 6 0.8% at 24 hours after HT (P < 0.05). The percentages of apoptotic cells at 448C in the Y79 cells were 8.2 6 1.1% at 6 hours after HT (P < 0.05), 11.3 6 0.9% at 12 hours after HT (P < 0.05), and 10.1 6 2.2% at 24 hours after HT (P < 0.05); in the WERI-Rb-1 cells, they were 8.3 6 1.2% at 6 hours after HT (P < 0.05), 13.0 6 1.3% at 12 hours after HT (P < 0.05), and 11.5 6 0.9% at 24 hours after HT (P < 0.05). The percentages of apoptosis at 448C were thus greater than those at 438C. Furthermore, the increase in apoptosis at 448C reached a plateau at 12 hours after HT. Therefore, we concluded that the conditions most appropriate for the evaluation of HT-induced apoptosis in Y79 and WERI-Rb-1 cells were the observation at 12 hours after HT at 448C for 1 hour.
PLK1 Knockdown Using siRNA in Y79 and WERI-Rb-1 Cells
We performed Western blotting to select the most effective siRNA for PLK1. Forty-eight hours after siRNA transfection, siPLK1-1 markedly decreased the protein level of PLK1 in Y79 and WERI-Rb-1 cells ( Figs. 2A, 2B ). On the other hand, the siRNA for luciferase, a negative control, did not affect PLK1 expression. Therefore, we chose the siPLK1-1 siRNA for use in the subsequent experiments. In addition, an effective knockdown of the PLK1 mRNA level was verified using the real-time qPCR assay using siPLK1-1 (Figs. 2C, 2D ). We next examined whether the PLK1 knockdown would affect the expression levels of CDK1, cyclinB1, and cdc25c, which are required for cell cycle progression and are known downstream from PLK1. 25, 26 Polo-like kinase 1 knockdown induced the accumulation of CDK1, cyclinB1, and cdc25c. A similar protein expression pattern was found for the downstream targets of PLK1, such as CDK1, cyclinB1, and cdc25c ( Figs. 2E, 2F) . These results suggest that CDK1, cyclinB1, and cdc25c are targets of PLK1 and that PLK1 knockdown affects PLK1 downstream proteins in retinoblastoma cells, as reported previously. 34, 39 
Knockdown of PLK1-Induced Apoptosis and Its Enhancement by HT
We next examined whether PLK1 knockdown would induce apoptosis in Y79 and WERI-Rb-1 cells under the control and HT conditions. The results are shown in Figure 3 . When apoptosis was monitored by chromatin condensation, the percentages of apoptosis were 4.96 6 1.26% in the Y79 control cells transfected with the siRNA for luciferase and 5.97 6 1.08% in the WERI-Rb-1 control cells transfected with the siRNA for luciferase. Treatment of the cells transfected with siPLK1 significantly increased the percentage of apoptosis to 17.20 6 1.67% in the Y79 cells and to 12.90 6 0.94% in the WERI-Rb-1 cells. Under HT-treated cells, the percentage of apoptosis was 11.01 6 1.10% in the Y79 cells and 12.48 6 1.23% in the WERI-Rb-1 cells, and PLK1 knockdown enhanced HT-induced apoptosis (27.03 6 2.05% in the Y79 cells and 21.73 6 1.96% in the WERI-Rb-1 cells) (Figs. 3A, 3B). We further performed Western blotting to confirm the induction of apoptosis detected by the cleavage of caspase-3 in the two retinoblastoma cell lines. Although the expression levels of the 17-and 19-kDa activated fragments of caspase-3 were very low in the control cells, significant elevations of these fragments were observed in the knockdown of PLK1 cells. Furthermore, the combination of PLK1 knockdown and HT enhanced these fragments of caspase-3 (Figs. 3C, 3D ).
PLK1 Inhibition Using BI-2536 Decreased Cell Viability in a Dose-Dependent Manner: BI-2536 Induced Apoptosis, and Its Effects Were Enhanced by HT
We next analyzed the effects of BI-2536, a PLK1 inhibitor, in the two retinoblastoma cell lines. The cells were treated with BI-2536 at various concentrations, and cell survival was determined using the WST-8 assay. BI-2536 treatment decreased the viability of Y79 and WERI-Rb-1 cells after 12 and 24 hours of treatment in a dose-dependent manner (Figs. 4A, 4B ). Furthermore, when apoptosis was monitored by chromatin condensation, BI-2536 (10 nM)-induced apoptosis was enhanced by HT in the two retinoblastoma cell lines, as was siRNA-mediated PLK1 inhibition (Figs. 4C, 4D) . 
Effects of PLK1 Knockdown on Cell Cycle Analysis and Cell Proliferation, and Its Combined Effects With HT
We next examined whether the silencing of PLK1 would affect cell proliferation in Y79 and WERI-Rb-1 cells under the control and HT conditions. The WST-8 assay was used to count the viable cells in the cell proliferation assay. The results are shown in Figures 5A and 5B . Polo-like kinase 1 knockdown inhibited the viable cell proliferation of Y79 and WERI-Rb-1 cells compared with the control cells. Furthermore, the inhibition of viable cell proliferation was enhanced by the combination of PLK1 knockdown and HT. We next performed cell cycle analysis using flow cytometry. The results are shown in Figures  5C through 5H . Treatment of the cells transfected with siPLK1 increased the percentages of G2/M and sub-G1 phases significantly, under both the control and HT conditions in the two retinoblastoma cell lines. Although the combination of PLK1 knockdown and HT did not enhance G2/M arrest in comparison with the PLK1 knockdown alone, it did significantly increase the percentage of cells in the sub-G1 phase, a marker for apoptosis in the two retinoblastoma cell lines.
PLK1 Knockdown Inhibits the HT-Induced Activity of HSF1
We examined whether the silencing of PLK1 would affect the expression of HSF1 using real-time qPCR. There were no significant differences in the HSF1 mRNA expression levels after siRNA transfection for PLK1 under the control and HT conditions in Y79 and WERI-Rb-1 cells (Figs. 6A, 6B ). Next, we performed Western blotting to monitor the activity of HSF1 in Y79 cells. Although the expression level of phosphorylated HSF1 (p-HSF1) was low under the nonstress conditions, it significantly increased in Y79 cells treated with HT at 448C for 1 hour. The peak expression of p-HSF1 was observed from 1 to 3 hours after the HT treatment. On the other hand, the treatment of the cells with siRNA for PLK1 strongly suppressed the phosphorylation of HSF1 under either the non-HT-or HTinduced condition (Fig. 6C) . We next investigated the role of PLK1 in HSF1 nuclear translocation in Y79 cells. Under the nonstress condition, expression of HSF1 was observed predominantly in the cytosolic fraction with or without knockdown of PLK1. Under the HT-induced condition, the expression of HSF1 showed an increased localization in the nucleus, but HSF1 nuclear translocation was decreased by the The Y79 and WERI-Rb-1 cells transfected with siPLK1 (50 nM) were maintained at 378C. Forty-eight hours after transfection, cells were treated with vehicle (DMSO only) or BI-2536 (10 nM) for 1 hour, and then exposed to HT at 448C for 1 hour. Twelve hours after HT, a chromatin condensation assay was performed using a flow cytometer. Data are presented as means 6 SDs (n ¼ 4). *P < 0.05 (Student's t-test).
silencing of PLK1 (Fig. 6D) . To confirm the effect of PLK1 knockdown on the activity of HSF1, we performed immunocytochemistry in Y79 cells. The cells were transfected with siRNA for PLK1, HT was performed at 448C for 1 hour, and the cells were cultured at 378C for 1 hour. Under the nonstress condition, almost no formation of nuclear HSF1 granules was observed. On the other hand, under the HT-induced condition, the changes of HSF1 granules in the nucleus increased. However, the HT-induced nuclear granules of HSF1 were decreased by PLK1 knockdown (Fig. 6E ).
PLK1 Knockdown Inhibits HT-Induced Proteins Such as HSPs and BAG3
We next investigated whether the HT-induced expression of HSPs and BAG3 would be affected by PLK1 knockdown in Y79 cells and WERI-Rb-1 cells (Fig. 7) . The cells were transfected with siRNA for PLK1, HT was performed at 448C for 1 hour, and the cells were cultured at 378C for 6 hours. Although HT induced the expression of HSP70, HSP40, and BAG3 in control cells and cells transfected with siRNA for luciferase, PLK1 knockdown remarkably inhibited the HT-induced expression of those HSPs and BAG3 in the two retinoblastoma cell lines.
These results suggest that PLK1 plays an important role in the induction of HSPs and BAG3. However, PLK1 knockdown did not affect the expression of HSP27.
DISCUSSION
Hyperthermia has been considered a possible modality of cancer treatment. Hyperthermia in combination with chemotherapy and/or radiotherapy has been used for various types of cancer, and the anticancer effects of these combinations have been verified by clinical trials. [10] [11] [12] However, one of the problems with HT therapy is that cells acquire thermoresistance. 20, 21 Heat shock proteins, molecular chaperones with cytoprotective functions, are induced by various stresses, including heat stress. It has been considered that HSPs play a role in the acquisition of thermoresistance, 20,21 and the expression of HSPs is mainly regulated by HSF1. 22 In the current study, we focused on PLK1 because there have been several reports that PLK1 regulates the activity of HSF1. 23, 24 PLK1 also acts as an important regulator of mitosis, 25 and several studies have shown that the expression of PLK1 is elevated in various types of cancer cells. [27] [28] [29] Further, it has been demonstrated that inhibition of PLK1 promotes the sensitivity of cancer cells to chemotherapy or radiotherapy, [32] [33] [34] and clinical trials employing PLK1 inhibition have been performed for multiple tumors. 35 However, there have been no reports of the use of PLK1 to enhance HT sensitivity in retinoblastoma. In this study, we demonstrated for the first time that the combination of inhibition of PLK1 and HT enhanced apoptosis and inhibited cell proliferation via the inactivation of HSF1 in human retinoblastoma cells. In addition, siRNA-mediated PLK1 knockdown and PLK1 inhibitor-mediated PLK1 inhibition promoted HT sensitivity similarly.
Previous reports have shown that overexpression of HSF1 was observed in human cancer cells of various origins. [40] [41] [42] Furthermore, the HSF1-induced overexpression of HSPs, such as HSP27, HSP70, and HSP90, has been reported in various cancers, and it has been demonstrated that these overexpressions are related to the development of cancer, invasiveness, metastasis, resistance to chemotherapy, and radiotherapy. [43] [44] [45] Several authors have reported that inhibition of HSF1 enhances the effect of HT treatment concomitant with inhibition of HSPs. [46] [47] [48] With respect to human retinoblastoma, Kase et al. 45 and Jiang et al. 49 demonstrated that HSP27, HSP70, and HSP90 were all significantly expressed in patients with this cancer, and these HSPs were related to cell proliferation and resistance to chemotherapy. In addition, several clinical reports demonstrated that HT is effective as a focal treatment, but these effects were limited to small tumor retinoblastoma tumors. 15, 16 Accordingly, we consider that the targeting of HSF1 and HSPs is a good approach to HT treatment in retinoblastoma. However, in this study we targeted PLK1, not HSF1, in order to enhance HT sensitivity, for the following reasons. First, PLK1 inhibition does not have many influences on normal cells even though it has strong anticancer activity. [31] [32] [33] Second, PLK1 inhibitor has been used already in clinical trials. 35 Third, the potential of PLK1 as a therapeutic target for HT has not been reported.
In the current study, the silencing of PLK1 inhibited HTinduced phosphorylation of HSF1, nuclear translocation of HSF1, and the formation of nuclear HSF1 granules. Previous reports have shown that phosphorylation of HSF1 and HSF1 FIGURE 6. PLK1 knockdown inhibits the HT-induced activity of HSF1. Cells were transfected with siRNA for PLK1 (50 nM) and then HT was performed at 448C for 1 hour and then cultured at 378C. (A, B) Total RNA was extracted from cells at 3 hours after HT treatment. The effects of siRNA for PLK1 on the HSF1 mRNA expression level were investigated under the control and HT conditions in Y79 and WERI-Rb-1 cells. Real-time quantitative PCR assay was performed with specific primers for HSF1 or GAPDH. The HSF1 mRNA level was normalized to GAPDH expression level. Data are presented as mean 6 SDs (n ¼ 4). (C) After HT treatment, the Y79 cells were cultured at 378C for 1, 3, 6, 9 or 12 hours. Then, the time course of changes in the expression of p-HSF1 was examined by Western blotting. Western blotting was performed using a specific primary antibody for p-HSF1 or GAPDH. Glyceraldehyde 3-phosphate dehydrogenase served as a loading control. (D) The nuclei and cytoplasm were separated by using a Nuclear/Cytosol Fractionation Kit at 1 hour after HT treatment in Y79 cells. The localization of HSF1 was analyzed by Western blotting. Western blotting was performed using specific primary antibodies for HSF1, GAPDH, and Histone H1. Glyceraldehyde 3-phosphate dehydrogenase was used as a loading control of cytoplasm and Histone H1 was used as a loading control of nuclei. (E) Immunocytochemistry was performed at 1 hour after HT treatment in order to confirm the activity of HSF1 in Y79 cells. A specific primary antibody for HSF1 was used, and nuclei were stained with DAPI. C, cytosolic fractions. N, nuclear fractions. nuclear translocation are regulated by PLK1. 23, 24 Kim et al. 50 showed that inhibition of PLK1 suppresses the expression level of HSF1 after heat shock. Moreover, Holmberg et al. 51 showed that granule formation of HSF1 is required for some of the molecular mechanisms underlying the inducible phosphorylation and transcriptional activation of HSF1. In keeping with the previous reports, we here observed that PLK1 modulated activation of HSF1. Therefore, an inhibition of PLK1 may product a synergistic effect in HT through an inactivation of HSF1. Furthermore, we think that an enhancement of HT sensitivity may be involved in the inhibition of HT-induced HSPs, especially HSP70. Chen et al. 52 reported that PLK1 mediated the phosphorylation of HSP70 during mitosis. Inhibition of HSP70, a main player in thermoresistance, may be suppressed effectively by the inhibition of PLK1 and resulting inactivation of HSF1. However, HSP27 was not changed significantly by PLK1 knockdown. Additional work will be needed in regard to HSP27 and other HSPs. In addition, the silencing of PLK1 strongly inhibited the HT-induced expression of BAG3. Bcl-2-associated athanogene 3 is a family of cochaperones that interact with the adenosine triphosphatase (ATPase) domain of HSP70 through the BAG domain. 53 The expression level of BAG3 is increased in response to various stresses, including heat stress. 54, 55 The induction of BAG3 is at least partly mediated by HSF1. 56 We recently reported that the silencing of BAG3 enhanced HT sensitivity in human oral squamous cell carcinoma. 57 In the present work, the enhancement of HT sensitivity by PLK1 knockdown may have been related to the inhibition of BAG3. At present, the detailed molecular mechanisms underlying the relationship between PLK1 and thermoresistance are not well known. Further investigations will be needed to clarify this issue. Furthermore, there are several limitations to this study. HT under in vitro experimental conditions ensures a more homogeneous heating than under clinical conditions. Additionally, HSPs are thought to be involved in the protection of retinoblastoma cells against heat damage. On the other hand, HSPs have antitumor immunity. 58, 59 These opposite immunogenic and antiapoptotic effects of HSPs may affect the therapeutic effects of this combination therapy. Accordingly, additional studies, including in vivo experiments, are needed to clarify the effect of combination therapy with HT and PLK1 inhibition.
In conclusion, the inhibition of PLK1 may attenuate the thermoresistance of HT through an inactivation of HSF1 concomitant with reductions in HSPs and BAG3. The combination of PLK1 inhibition and HT may become an option for HT therapy in patients with retinoblastoma.
